Assembly and alignment of nanowires or nanotubes are critical steps for integrating functional nanodevices by the bottom-up strategy. However, it is still challenging to manipulate either an array of nanowires or individual nanowires in a controllable manner. Here we present a simple but versatile method of positioning and aligning nanowires by hydrodynamic focusing that functions as 'hydro-tweezers'. By adjusting the flow duration and flow rates of the sheath flows and sample flow, the density, width and position of the nanowire arrays, as building blocks of nanodevices, can be readily tuned in the hydrodynamic focusing process. This approach exhibits great potentials in the assembly of an array of functional nanodevices. With this method, multiple nanowire arrays can be positioned and aligned on predefined locations. Further focusing the sample flow, nanowires flow in single file. Thus single nanowires can also be lined up and located to desired positions.
Introduction
Nanodevices, constructed with one-dimensional nanomaterials such as nanowires (NWs) and nanotubes (NTs), have exhibited revolutionary performance in terms of sensitivity, response time, low energy consumption, etc.
To fully exploit the unprecedented potential of nanodevices, it is required to assemble and position NWs onto desired locations on integrated circuits in large scale for building functional devices. So far, much effort has been placed on developing economic and efficient methods for assembling NWs and NTs in large scale, which has been reviewed in the literature [1] .
In general, bottom-up and top-down are currently the two strategies for nanostructure assembly. The conventional top-down approaches, mainly based on photolithography, are endowed with many advantages such as mass production, compatibility with existing semiconductor techniques, as well as the precise control of feature sizes and structures. However, top-down approaches are limited in the diversity of applicable materials and nanofabrication processes. In contrast to top-down approaches, bottom-up approaches offer more flexibility in selecting functional materials and fabrication processes. There are two categories of bottom-up approaches for assembling 1D nanomaterials on substrates: deterministic assembly and stochastic assembly. For the deterministic assembly, the destinations of NWs are predefined by various methods, such as lithography [2] or lithography combined with the Langmuir-Blodgett technique [3] , intermolecular interactions [4, 5] , dielectrophoresis [6] , shear forces [7] , in situ synthesis from surface-bound catalysts [8] or microflows [9, 10] . For the stochastic assembly, NWs are randomly distributed on a substrate after volatile NWcontaining droplets spread onto the substrate dry out [11] . Compared between the two categories, deterministic assembly is preferable because of its higher reliability and higher yield.
To give an example, Tao et al used the Langmuir-Blodgett (LB) technique to assemble monolayers of aligned silver nanowires (AgNWs) on a silicon wafer, where all the AgNWs were well aligned and close-packed, and the distance between the NWs was hard to control [12] . Whang et al applied the Langmuir-Blodgett technique to transfer NWs to planar substrates in a layer-by-layer process to construct parallel and crossed NW structures, which were further patterned into repeating structures by photolithography [3, 13] . Park et al reported on the delicate control of the orientation of V 2 O 5 NWs within NW micropatterns that were transferred using the gluing Langmuir-Blodgett technique via a patterned polydimethylsilicate (PDMS) stamp [14] .
In spite of the above-mentioned effort and achievements, challenges still remain in fabricating NW-based nanodevices in terms of yield, efficiency, reliability and controllability. In particular, one of the biggest challenges is to position a single NW precisely onto a predefined location with designated orientation, which is truly one of the most critical steps in fabricating nanoelectronics. In addition to the fabrication of functional nanodevices, material scientists want to place a single NW to bridge two electrodes in order to measure the electrical property of 1D nanomaterials at a single NW level.
Here we propose a simple method for assembling NWs by hydrodynamic focusing, which functions as microfluidic 'hydro-tweezers' and enables the parallel and scalable integration of NW-based devices over a large area. By adjusting the flow rates of the sheath flows and the sample flow that contains NWs, and the width and position of the sample flow, assembled NW arrays can be readily tuned. Further focusing the sample flow, NWs flow in single file. Thus the proposed approach also enables positioning and alignment of single NWs in a line on a substrate. To the best of our knowledge, this is the first report in the literature forming a line of single NWs in a controllable and tunable manner using microfluidic tools only. This approach utilizes only shear force to align NW(s) and has no preference in material and size of NWs. It would have great potential in massive production/fabrication of nanoelectronic, nano-optoelectronic and nanoelectromechanical systems.
Concepts and principles

Principles of hydro-tweezers
Hydro-tweezers in this paper were created by the method of hydrodynamic focusing, a common phenomenon of flow dynamics due to interactions between the focused stream and the sheath flows.
Hydrodynamic focusing is one of the most utilized techniques of microfluidics. It has been employed in a wide variety of chemical/biological analyses, including on-chip flow cytometry for cell/particle counting and sorting [15] [16] [17] , single-molecule detection and measurement [18, 19] , and laminar mixers for the study of rapid chemical and enzymatic kinetics [20] [21] [22] [23] [24] , microfluidic optical waveguides [25] , fluorescent light sources [26] , flow switches for continuous sample injection [27, 28] and production of micro-droplets [29] , bubbles [30] [31] [32] and microparticles [33] .
In this study, the hydro-tweezers take full advantage of the tunability of hydrodynamic focusing, and thus enable manipulation of NWs in a controllable manner. Figure 1 shows the microfluidic design of the hydro-tweezers. The smooth profile of the convergent part of the microfluidic device was adopted from the literature [34] . In the device design, the inner nozzle is placed at the middle of the outer nozzle [35] . The two sheath flows act as the two 'blades' of the hydro-tweezers. The sample flow supplied from the inlet channel is clamped laterally by two neighboring 'blades' of the hydro-tweezers, as shown in figures 1(a)-(c) . The hydro-tweezers possess two interesting characteristics: firstly, it can be opened up and closed down. When the flow ratio of the sheath flow to the sample flow is low, the hydro-tweezers open up and the sample stream will broaden out; while if the flow ratio is high, the focused stream will narrow down as the hydro-tweezers close. Secondly, the hydro-tweezers are movable. When one 'blade' becomes stronger, i.e. one sheath flow surpasses the other one, the focused stream will be pushed away from the increased sheath flow, resulting in the movement of hydro-tweezers, as shown in figures 1(a) and (c).
In this study, the aspect ratio of the channel height to the channel width of the microfluidic devices is much smaller than one, so a parabolic velocity profile will be formed across the channel height and is independent of the position across the channel width (i.e. the velocity profile is 'plug-like' across the channel width) [36] . With such conditions, based on the mass conservation law, the width and position of the focused stream can be predicted as
Actually the widths of the two 'blades' and sample flow in the outlet channel are all linearly dependent on w o and the ratio of their individual flow rate to the total flow rate. Equations (1), and (2) can be simplified as
where R is defined as the ratio of the sum of the two sheath flows over the sample flow:
, R is defined as the share of one sheath flow over the total flow rate in the outlet channel:
, r is defined as the normalized width of the focused stream: r = 
Principles of NW assembly
In this work, hydro-tweezers with symmetric and nonsymmetric hydrodynamic focusing were employed in the NW assembly process, where the flow rates of the sheath flows and sample flow were tuned to manipulate the NW assembly. In the hydrodynamic focusing process for NW assembly, an NW suspension was used as the sample flow (Q i in figure 1 ), while DI water without NWs as the sheath flows (Q s1 and Q s2 in figure 1 ). The sample flow containing NWs was hydrodynamically focused by the sheath flows, while the focused width can be tuned by the flow ratio R and the position can be tuned by R . Since most of the microscopic flows occur at low Reynolds numbers (Re), they are laminar and stable. Therefore, the NW diffusion and flow mixing between the focused stream and the sheath flows were not remarkable. NWs suspended in the sample flow follow well along the streamlines in the flow direction. The substrate is chemically treated so that the NWs in the sample flow tend to reside on it. The shear force in the flow aligns the NWs in the flow direction before they are immobilized on the substrate (as shown in figure 1(d) ). Since only the sample flow contains NWs, only the area below the focused stream will be coated with NWs. By changing the flow duration and working conditions of the hydro-tweezers, the width, density and positions of the NW array can be readily tuned.
Methods, experiments and results
Silver nanowire synthesis and purification
AgNW is a very good model NW for studying the proposed process since AgNW can be synthesized in a relatively high yield and high uniformity. Here AgNWs were synthesized by a typical solution-based method by reducing AgNO 3 with EG (ethylene glycol, Sigma Aldrich) in the presence of PVP (polyvinylpyrrolidone, Sigma Aldrich), which is a procedure similar to that of Sun and Xia [37] . This process produced 100% pure AgNWs with a concentration of less than 0.8 wt%. Figure 2 shows the prepared AgNWs with diameters around 60 nm and lengths of about 10 µm. The as-synthesized suspension of AgNWs was diluted as needed by ethanol and then sonicated, followed by centrifugation for 20 min at 1000 rpm to remove the nanoparticles from the suspension.
Device design and microfabrication
The concept and device design have been shown in figure 1. Three types of microfluidic devices were fabricated as symmetric hydro-tweezers, non-symmetric hydro-tweezers and highly precise tiny-hydro-tweezers. Figure 3 shows the fabricated devices using silicon as the substrate. The microfluidic devices were fabricated using poly(dimethyl)siloxane (PDMS) by soft lithography. Briefly, a high resolution (20 000 dpi) transparency mask was printed by a commercial printer (CAD/Art Services Inc.) from the CAD file. The master structures of 25 µm high SU -8 photoresist were fabricated by photolithography on a silicon wafer. The master Si wafer was pre-coated with hexamethyldisiloxane (HMDS) to facilitate subsequent PDMS removal. A mixture of PDMS prepolymer and curing agent (Sylgard 184, Dow Corning, Midland, MI) was poured over the positive master structure on the wafer. After curing, the negative PDMS relief was peeled off. Holes were punched at the center of the reservoir area and the relief was sealed onto a silicon wafer to form a closed channel. The device was connected to syringe pumps and a waste beaker by plastic tubing.
Device treatment with APTES
The SiO 2 substrate of the silicon wafer surface inside the microchannels was cleaned with pure ethanol first and then functionalized with an NH 2 -terminated self-assembled monolayer (SAM) by pumping in the microchannels a 1 mM alcohol solution of 3-aminopropyltriethoxysilane (APTES, Sigma Aldrich) and leaving for 10 h, followed by heating the device at 120
• C for 10 min [9, 10] . After this treatment, the channel substrate surface will be turned hydrophilic; therefore the AgNWs in the sample flow tend to reside on it, due to static electric attractions between them. To keep the channel surface hydrophilic, water should be kept flowing through the system before use.
The NW assembly process
Before experiments, the AgNW solution was diluted as needed and checked for uniformity by placing a solution drop onto a silicon chip followed by imaging using SEM.
For all experiments in the three types of hydro-tweezers devices, the ethanol solution with suspended AgNWs was injected into the center channel and DI water was injected into the sheath channels by external pumps. As expected, when an appropriate flow protocol was applied, the sample solution and the DI water sheath flow form a stable two-phase flow, with the hydro-tweezers holding the sample flow firmly. To achieve a uniform distribution of AgNWs on the substrate, the velocity of the focused sample was maintained constant.
Symmetric hydro-tweezers.
For the symmetric hydrotweezers, three specific symmetric hydrodynamic focusing protocols, as listed in table 1 and with the results shown in figure 4 , were developed based on systematic experiments for understanding the symmetric flow behavior and the AgNW assembly process by the hydro-tweezers. The device is shown in figure 3(a) .
The ethanol solution containing AgNWs was injected into the inner channel as the sample flow and DI water was injected into the outer channel as the sheathing 'blades'. The sample flow was hydrodynamically squeezed into a narrow stream by the 'blades' (shown in figure 4) . It was obvious in the experiment that, as the sheath flow rate increased over the sample flow, the hydro-tweezers shrank and the focused sample stream would be narrowed down. The flow velocity of the focused stream was around 8 cm s −1 , ensuring the AgNWs flowing along the flow direction. While flowing in the channel, some AgNWs would reside on the substrate due to the interaction between AgNWs and the treated substrate surface. Shear force exerted on AgNWs by the flow make AgNWs align along the flow direction before they were immobilized on the substrate surface. As only the sample flow contained AgNWs, only the surface area below the focused sample flow may be coated with AgNWs.
After 20 min flow duration, the sheath flow was decreased first; the sample flow was then stopped and then the sheath flow was stopped. This stopping procedure was to avoid leaving unwanted NWs in the microchannel or flushing away assembled AgNWs. Then the PDMS structure was detached from the substrate and the NW pattern was characterized by an optical microscope. The results were presented in figure 4 . Since the sample flow can be tuned from as wide as the outlet channel (which is 2.4 mm) to as narrow as 30 µm, the assembled AgNW array can also be as wide as 2.4 mm or as narrow as 30 µm. In the experiment, AgNW arrays with widths from 50 to 100 µm were obtained with the three protocols in table 1.
More interestingly, when the sample stream was narrowed down to 30 µm and the AgNW concentration was much diluted, only a few AgNWs were present across the channel cross section. Thus it was possible to obtain a single line of aligned AgNWs, as shown in figure 5.
Non-symmetric hydro-tweezers.
In this section the flow shifting function of the hydro-tweezers was realized experimentally by the non-symmetric hydrodynamic focusing.
The device is shown in figure 3(b) . Figure 6 shows a series of pictures for sample flow shifting.
By manipulating the two sheath flow 'blades', the focused sample stream could be shifted across the whole main outlet channel hydrodynamically, as shown in figure 6 . The flow protocols for the flow patterns shown in figure 6 were listed in table 2. It was noted that, as the sheath flow increased, the sample stream was focused down, which was in accordance with experimental observations in the symmetric hydrodynamic focusing protocols. Then, as one sheath flow increased, it occupied more space in the outlet channel. Successive rounds of increasing the flow rate of one sheath flow relative to the other allowed the sample stream to be repositioned and focused at different locations over the transverse direction of the outlet channel with a relatively high spatial precision. Thus AgNWs carried in the sample stream can be deposited on the treated substrate as discrete wide lanes. For example, in order to create an 80 µm wide NW lane downstream from the outlet channel whose width is 1000 µm, the sample flow rate is supposed to be simply set to around 8.0% of the total flow rate according to equation (2) . In the experiment, to achieve a steady distribution of AgNWs on the substrate, the focused sample flow was fixed at 0.2 ml h −1 , while the total sheath flow rate was fixed at 2.25 ml h −1 . Figure 6 shows the sample flow shifting across the outlet channel. Protocols of four steps of flow tuning in nonsymmetric hydrodynamic focusing are listed in table 2. Each step took 20 min, and four lanes of NWs with a width around 75 µm were selectively deposited on the substrate surface (figure 7).
Highly precise hydro-tweezers for a single-line NW alignment.
In addition to controllable alignment of large amounts of NWs, the present hydro-tweezers method can also align single AgNWs into different lines, which was experimentally confirmed in this section by a size-reduced hydrodynamic focusing device, as shown in figure 3(c) . The Table 2 . Flow-control protocols of the four flow-tuning steps for deposition of NW arrays using non-symmetric hydro-tweezers. (Note: the upper rows in columns 6-9 show the theoretical data obtained from equations (2) and (3) highly precise hydro-tweezers device shown in figure 3(c) shares the same flow-control mechanism as the non-symmetric hydro-tweezers device shown in figure 3(b) , but the sizes of the nozzle and the outlet microchannel width are much smaller than the counterparts of the non-symmetric hydro-tweezers device. Such a design enables the highly precise hydrotweezers device to perform single NW alignment easily. As predicted by equation (1), the focused stream width is proportional to the outlet channel width. In this case, the outlet channel size was reduced, thus with the same operating conditions, the focused stream was reduced as well. So the AgNWs contained in the focused stream may flow in single file, resulting in possible single NW alignment.
To achieve the single NW alignment, three flow-tuning steps were applied. The flow-control protocols were listed in table 3. In each step, the focused stream was positioned to a predefined location by the non-symmetric hydrodynamic focusing mechanism, resulting in a line of single AgNWs depositing on those locations. After the three steps, three lines of single AgNW alignment were obtained, as shown in figure 9.
Discussions
In all the NW deposition processes, 100% alcohol with dispersed AgNWs was used as the sample solution because AgNWs are better dispersed in alcohol than in water. The AgNWs keep a good dispersion state in the alcohol solution for one month.
Typical examples of assembled NW arrays (figures 4, 7 and 9) showed that virtually all the NWs were aligned along the flow direction, though there were also some small deviations with respect to the flow direction, which were caused by instabilities during the flowing process. Examination of the assembled NWs on larger length scales showed that the aligned NW array readily extends over hundreds of micrometers. Indeed, alignment of the NWs has been found to extend up to millimeter length scales and seemed to be limited only by the length of the outlet microchannel. Thus the length of the NW array can be easily chosen by setting the length of the outlet microchannel.
Symmetric hydro-tweezers
As shown in figures 4, 6 and 8, both the sample and sheath flows were transparent and there were distinct borderlines between them. The sample flow from the inlet channel was first narrowed down by the sheath 'blades', and then its width remained constant at the downstream of the channel. As the sample solution flowed in the channel, the suspended AgNWs would deposit on the substrate. Figure 4 also showed the wellassembled and aligned AgNWs along the flow direction.
During the NW assembly processes, the width of the focused sample flow can be readily tuned by opening and closing the hydro-tweezers. It was observed that, as the flow ratio R increased, the width of the focused sample stream was reduced accordingly, as expected. Figure 10 showed the theoretically predicted and experimentally observed r (the normalized width of the focused sample stream) with respect to R (the flow rate ratio of the sheath flow over the sample flow). The result suggests that the width of the focused stream could be scaled up to the same size of the outlet channel when Table 3 . Flow-control protocols of the tuning steps for controlled alignment of single NWs using the non-symmetric hydro-tweezers. (Note: the upper rows in columns 6-9 show the theoretical data obtained from equations (2) and (3) R → 0, and also down to ∼0.02% of the outlet channel size when R ≈ 120. Therefore this method is really robust to form size-flexible NW patterns. For example, given a hydrodynamic focusing device like the ones shown in figures 3(a) and (b), the AgNW array width can be controlled from millimeters to tens of microns. In the flow-control protocol of figure 5 , the width of the focused flow was 30 µm, which allows the alignment of single NWs using a diluted sample solution. Figure 10 also shows scatters when R > 90. This indicates that equation (1) can well predict the width of the focused sample stream when R is relatively low and the sample flow width cannot be indefinitely reduced. In addition to R, the width of the focused sample stream depends on the size of the outlet channel w o according to equation (1) . If w o is further decreased, the sample flow will be further focused accordingly, and so will the width of the NW pattern. 
Non-symmetric hydro-tweezers
In the non-symmetric hydro-tweezers, the two sheath flows were adjusted to position the focused stream across the outlet channel. AgNWs carried in the sample stream were coated on functionalized substrate surfaces as discrete wide lanes. For all those four protocols in the non-symmetric hydrodynamic focusing experiments shown in figure 6 , the sum of the sheath flows was 2.25 ml h −1 , ensuring the widths of all the four focused streams were about the same, according to the predictions of equation (1) . In figures 6(a)-(d), the four focused streams in the outlet channel all ranged from 72 to 77 µm. Obviously, the four focused streams were of nearly the same width, not affected by the individual sheath flow change. Subsequently, the four deposited AgNW lanes were also of the same width.
It was also observed that, as one sheath flow increased over the other one, it pushes the sample flow and the other sheath flow away. Figure 11 shows the theoretically predicted and experimentally observed r (the normalized width of the corresponding sheath flow) with respect to R (the share of the sheath flow over the entire flow). As expected, the width that a sheath flow occupies in the outlet channel is closely proportional to its share in the total flow rate. It can also be concluded that equations (1)-(4) can predict the performance of the hydro-tweezers quite well, since the experimental data were in reasonable agreement with the theoretical results.
Size-reduced highly precise hydro-tweezers
Not only a large amount of AgNWs can be assembled in a controllable manner by the hydro-tweezers, but also a single line of AgNWs can be aligned by the hydro-tweezers. As shown in figure 9 , three lines of single AgNWs were deposited on the predefined lines on the substrate, with all the AgNWs aligning in the flow direction.
As predicted by equation (1), the focused stream width is proportional to the outlet channel width. With the outlet channel size reduced by one-tenth and with the same flow rate ratios, the focused stream will be reduced to 10% of the width of the focused flow in the original device. So the number of AgNWs contained in the focused stream will be largely reduced. Also the focused width will not be affected by its position in the channel, leading to alignment of a single line of NWs. This method shows great potential for large-scale positioning of NWs.
In the NW assembly experiments, there are several factors controlling the alignment and average separation of the NWs: (1) the flow rate. With increasing flow rates, the deviation of the NWs' alignment with respect to the flow direction becomes substantially narrower. A higher flow rate produces larger shear force and hence leads to better NW alignment. (2) The NW deposition coverage can be controlled by the flow duration. Experiments showed that the NW density increased systematically with the increase of the flow duration. (3) The deposition rate and hence the average NW separation distance versus time also depend strongly on the surface chemical functionality. (4) NW concentration in the solution. With a higher NW density in the sample flow, the assembled AgNW array becomes denser. Diluting NW concentration to a certain level is important to obtain the single line alignment of NWs. (5) Stability of the hydro-tweezers. The AgNW array width was also affected by unsteady widening of the sample stream, which causes few AgNWs to be deposited outside of the deposition lanes. (6) Longer AgNWs result in better alignment since they experience stronger shear forces.
With well-controlled experimental parameters and conditions, the hydro-tweezers cannot only prepare large-scale, parallel and well-aligned AgNW arrays, but also can position single AgNW lines across the outlet channel, greatly broadening its field of applications. The width, density and position of the assembled AgNWs can be easily adjusted by defining working conditions of the hydro-tweezers.
This study has advanced our capability to build functional nanodevices by a well-controllable bottom-up strategy. Its importance, among numerous advantages offered by the present approach, includes its low cost and simplicity, requiring only basic microfabrication, controllability and tenability, no selection of NW materials, scale-up capability for large-area NW deposition, small sample consumption, and its high speed and yield.
Conclusions
Assembly and alignment of both large-scale NW arrays and single lines of AgNWs have been successfully demonstrated using the hydrodynamic focusing approach functioning as hydro-tweezers. This method provides a convenient control of the width, density and position of assembled NW arrays by simply adjusting the working conditions of the hydrotweezers, such as flow rate ratios and flow durations. More importantly, this approach has the ability and potential to align single NWs. The hydro-tweezers approach can also be used to organize NWs into more complex structures such as crossed NW structures and layer-by-layer structures through multidirectional and/or multiple-step assembly by hydrodynamic focusing deposition. More applications may be developed by incorporating with a 3D hydro-tweezers. In summary, using the hydro-tweezers for manipulation of NWs suggest many new applications in nanoelectronics, biosensors and material science.
